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Pigmentation of Salmonids - 
Carotenoid Deposition and 
Metabolism* 

Ok .I. Torrlssen, Ronald W. Hardy and Karl D. Shearer 
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I. INTRODUCTION 

The pink to red color of the flesh of anadromour salmonids 
(S&no spp., Oncorhynchus spp., and Sdvelinus spp.) is one 
of the distinguishing features of these fishes and makes a major 
contribution to their elite image. It is therefore of great eco- 
nomic importance tit these fishcs, either wild or farmed, are 
pigmented to roeet consumer preferences. This pigmenrerion 
is due to absorption and deposition of oxygenated carotenoids. 

Cwotenoids are widespread and important pigments and are 
found in all families in the vegetable and animal kingdoms.13 
Their bright color i6 due to a chromophore consisting of a chain 
of conjugated double bonds (Figure 1). Only plants and protists 
are able to synthesize carotenoids, so fish like other animals 
must obtain carorenoids from dietary ~oufce~.‘~~ 

Salmonid aquaculture production has increased greatly in 
the past decade and production levels are expected 10 contiuue 
to rise. The use of carotenoid pigments in the feeds of farmed 
salmon kms also increased. ID 1986, for example, over 6000 
kg of carotenoid pigments were used in the diets of farmed 
salmonids. At a cost of over $1000 U.S./kg for synthesized 
pducrs, the investmeut in carotenoids was subslantial. Salmon 
feed costs were inazased approximately 10 to 15% by caro- 
tenoid supplementation. By 1990, nearly 15,ooO kg of cm 
tend pigmats will be US& in salmon feeds w meet the 
predicted needs of the indusny. Despite the relatively high 
costs of carotenoids and their poor rwtion in the flesh, little 
mearch has been done to elucidate the factors affecting ab- 
sorption and deposition or the metabolic turnover and biolog- 
icaI fUnctions of various caroteaoid pigments in ~a.lrnonids.~* 

In this paper, we review pigmention of salmonids with 
special emphasis on alternative pigment 60lVceb, fa.cIors in% 
mt$tg absorption snd deposition, metabolism, and biological 
functions. F?oposed functions of carotenoids in the reproduc- 
tjve cycle have recently been reviewed and are not covered 
herz.p*‘o 

II. GENERAL REMARKS 

Variation among laboratories in ~dyticd methods used to 
qua&y and identify carotenoids and incomplete reporting of 

(F 

0 
3R.3S 

Je 

OH 

13c‘ 

I 
""\ 

Ilo* 
0 

0 
3RJ’CI 

A!@ 

OH 

I 

4T 

,..- 

I 

HO 
0 

AJmcma OH 

4r 

I I 
HO 

0 

FIGURE 1. Suucrure of selected cmtenoids. Alro sac Figure 3, (Bssed on 
da fm Rcfkmea 3 and 4.1 

critical aspects of the experimental design or failure to properly 
d&ga camtenoid studies make it difficult to obtain a compre- 
hcmive picture of the C-I state of knowledge of carotenoid 
deposition and metaboIism in salmonids. 

Analytical work with csmtenoids has heen hampered by the 
limited availability of standards, and standards of imponant 
salmonid camtenoids such as as-thin and canthaxanthin 
are not commercially available. Carotenoids occur naturally in 
small amounts as mixtures of related compounds. Tbey are 
labile, and oxygenation, isomerizadon, and rcanangemcnt oc- 
cur easily. Purification of individual cxotenoids from natural 
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sources for use s amdyrical standards has been difficult. There- 
fore, many autllon have attempted IO quantify cerorenoids in 
~mplcs using procedures of questionable accuracy I 

For example, m&l-&, reported in rhe literature for qUI6 
fic&on ad idpntification of carotenoids Often Seem designed 
u) fit individual preferences or the I%pipmCUt avaihbk WirhOUt 
regard to standardization amoog lahorarories. ‘Ihis is Cody 

shown by he lqge range in extinction coefficients Used in 
qutifcation of agfXWdiIl in acelone: Ei%,, = 1600;” 
Blc = 21t)@~~andE;*&, = 2200,*‘Dueroalackofstandardp, 
thlay ~y&xi& coefficients are often calcuiakxl tirn other 
man easily obtained caroteooids @-carotene)” and amp* 
l&ns ~fc m& to fit different solvents or expected ratios of 
ste~&~. This makes it difficult to compare absolute val- 
ues of c.arote&l levels in fish tissue or feeds reported by 
various authors, 

In previous work, nstacene (3,3’dihydroxyQ,4’diket& 
2,3,2’,3’-teuadehydro-&faroteoc; Figure 1) was reported 8s 
the red pigment of salmoni&.J*‘s Later work showed that BS- 
tacene was an artifact of astaxanti, therefore a&cent is 
hereafter referred co as astaxmthin in rhis review. 

DiffererWS in experimental conditions and treatment of sam- 
ples between experiments conducted by various workers have 
complicated comparisons of results and, in some cases, com- 
promised the value of their results. In many experiments, ham- 
pies to be examined for carotenoid concenuation bave been 
stored frozen for a considerable time. Camtenoids degenerate 
rapidly, even in frozen samples, so some of the values reported 
in the literature may he in ermr.16 Information on initial and 
final fish weight, growth rate, feed composition, and feed 
consumption must be reported in scientific papers to permit 
critical evaluation of work in this field. Very few papers in the 
salmooid carorenoid area repon complete information on ex- 
periment81 design and COnditiOnS, thus making it impossible 
IO compare the results of different authors. Use of tie Inter- 
national Council for the Exploration of the Seas (ICES) rec- 
ommendations on experimental design, diet formulation, and 
methods for measurements and evaluation would improve my 
the value of future work.” Improved analytical methods, pf+ 
ma@ high-performance liquid chromatography @PIE), have 
recently made it possible IO isolate and quantify minute quan. 
tides of carotenoids and their stereoisomets.‘*ls This wiu a- 
pand the possibilities for progress in this field, 

III. PRIMARY SALMONID CAROTENOIDS 

Astaxanthin (3,3’-dihYdroxy~,4’-diketo-&carotene; figure 
1) is the chain wotenoid pigment of red/pink colored aqu& 
animals. Im In wild salmonids, astaxanthin and its esters w 
obtained from ingestion of either zooplankton or fish d-,at have 
zooplankton in their digestive tract. About 90% of he cue 
tenoids found in the tissue ore locati in the flesh in their free 
fom, but large amounts are also found in the skin and ov& 

in maturing fish. w Hydroxy-carotenoids in the skin are present 
mainly as eSterS.” 

St,ye+‘s showed that astaxanchin is deposited in the chro- 
maIopho~ in he skin of brown tr0l.U (s0ImO Wlrtta). The site 
of c-tenoid deposition in salmonid flesh is not known. In- 
termuscu~ fat in salmonids has a pale color without visible 
carotenoid content. This suggests that Specific carorenoid-bind- 
hg prowins or lipoproteins anz present in the muscle. Burton 
and Ingo]P predict that carotenoids will tend IO Concentrate 
in membranes and organeileb eXpOsed to rhe lowest partial 
pressure of oxygen. In salrnonid eggs, the camtenoid is bound 
to proteins, probably lipoviteHi0.” 

‘I’he Eponed carotenoid levels of wild salmonids are shown 
in Table 1, The levels of carotenolds in fftmxd salmonids show 
large variations among individuals of the same species. and 
the values reported for wild salmonids may represent more 
than comparah’ve differences in the ability to deposit caroten- 
o&,.3’JJ’ Factors which also may contribute to observed ciif- 
ferences are dietary pigment source, fish size, stage of matur- 
ation, and genetic differences. 

Carotenoids are rqonsible for rhe red to pink color of 
salmonid flesh, but the relationship between visual score and 
carotenoid level is linear only at low carorenoid levels in farmed 
fish (pigure 2). At least two factors conuibure to this: the 
human eye seems to be less sensitive to carorenoid concentra- 
tions over 3 to 4 mglkg compared with lower concentrations, 
and unpigmented intermuscular fat may mask the impression 
of color. 

Based on visual color impression, a level of 3 to 4 mg/kg 
can be regarded as an acceptable carotenoid concentration in 
marketable farmed salmon. Carotenoids may fade io salmonid 
flesh during storage and processing, 8nd compensation must 
be made for this by elevating flesh carotcnoids slightly above 
4 mg/kg to ensure acceptable levels in the delivered product, 

A. Speclflc Carotenoids 
!Urnonids are nor able to oxygenate carotenoids, but deposit 

ingested oxygmted Urotenoids without modification.‘Js ‘I’he 
farmed salmonids show a more complex carotenoid pi- 
than wild salmonids because a wider range of feed ingrcdjeds 
containing a variety of pigments are used.” Two oxygenated, 

Table 1 
CarobmAd Levels Reported in Wild Salmonids 

spedeo cntobmoid5 (m&kg) Ref. 

s&Ye dooo (Oncorhyndwr nuke) 26-41 
@ho 5dlTlon (0. kiufcb) 

20, 21 
9-21 

auJn’ callno” (0, kckl) 
20, 27 

3-a 
Qinook shKnl(0. lJchUwy~/~) 

2Q, 27 
&9 

pink sahn (0. gm6rucho) 
20 

4-6 
Ahtk Balmon (Wmo w&r) 

20 
3-11 

Bbhw hut (s. gairdncro 13, 27, 28 
l-3 29 
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been suggested that absorption is enhanced by incorporation 
of hydroxyl groups into the carofene skeleton.* This hypothesis 
is supported in sahnonids by various Whom, who have shown 
that astaxanthin is deposited at significantly higher levels than 
canthaxanthin in both Atlantic salmon (S. s&r) and rainbow 
trout (S. gmrdneri) . 3B+7 Schiedr et aLa found preferred 
deposition of astaxanthin followed by adonirubia (3-hydroxy- 
4,4’-dikeco-g-carotene) and canthaxantin, while zeaxanthin 
([3R,3’R]-p,Ptarotene-3,3’-diol; Figure 1) and luteio (3,3’- 
dihydroxy-o-carotene; Fiw 1) were not absorbed as well, 
and B-carotene (Figure 3) was poorly absorbed. This fits the 
model of Hata and Hnta,” with the exception of zeaxanthin 
and lutein which, on the basis of hydroxyl groups, should be 
absorbed at levels between astaxanthin and adordrubin. 

(I FIGURE 2. The relationship between GunI c&xnclon lc~n and wotcnoid 
concentrution In salmonid flesh. @pocd on data from Referervxs 16 and 32 
lo 34.) 

red carotenoids are readily deposited in snlmonid flesh: 
iiLsalmti anti canthaxanw W’diketo-we; F&lre 
1).5*a4*n41 Several other wotenoids have also been isolated in 
minor amounts in both fanned and wild salmonids (Table 2). 

In goldfish, differences in the rates of accumulation of 
carotenoids are due to differences in absorption, and it has 

The absorption efficiency of various carotenoid pigments 
differs among animal groups. Mammals absorb @rotene, 
while fisb and birds prefer oxygenated carotenoids. Salmonids 
absorb ssra~anthio and canthe 10 to 20 times more 
efficiently than they absorb lutein and zeaxauthin, while chickens 
absorb zeaxanthin at 3 times the rate of astaxantin.43 Goldfish 
and fancy red carp are similar to the chicken in their absorption 
preference: astaxanthin -b zeaxanthin --j, lutein.*=~ Thus, 
salmonids preferentially absorb 44’-ketocarottn aids while 
goldfish and fancy red carp absorb the 3-3’-hydroxycarotenoids. 

B. Astaxanthln fistem 
Dietary astaxanthin esters seem to be absorbed by salmouids 

IQ a lesser degree than free astaxanthin. This was demonstrated 

Table 2 
Relative Dlstributlon of Carotenolds in Salmonlds 

Nore; Based on &ta bin Rcfcxuxes 23,27.29,42, prd 43. 
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FIGURE 3. Reducrlve mcrnbolism of estarrrnthlo and can- in ral- 
monk @ased CUJ dnlo frw, SZekrencs 23,43, and 56.) 

for ~S~~XZU&I diestws and monoesters and free asraxanthin 
purified from the copepod, Cnltuuw fvlmolchicrrs.’ A similar 
low deposition of astaxanthiu in the flesh from astaxanfhin 
dipdmitate was observed by comparing synthetic astaxanthin 
dipalmitate and free aaraxantirin as pigment s~rces for rainbow 
awt, sea trout (S. nurm), and Atlantic salmon.u33 Only fne 
as&x&in is found in the flesh and plasma, in&u.ing that 
asmxanthin esters are hydrolyzed in the digestive tract and t&t 
astmxanthin is absorbed in the free sta~te.~*~~J“*~~ ‘Be rate 
of hydrolysis of astaxanthin estm to free aslaaantin appears 
ta be limited, and this might explain the ohservod diierences 
in deposition. 

In crnstacea, a rebu.i~ely large part of the astaxanthii is in 
the e&rifled form; yet, in most feeding experiments, Ct-uNacea 
andcrus&ccanwasteproductt5mntobemore efficientpigment 
sources than would be expected based on their lev& of free 
a~ta~~thjn,~~“~~~ The WISOU for this unexpeckd observation 
is unknown, but may be related to other campounds in crustacea 
which facilitate absorption and deposition of carotenoid 
pigments. 

c. lsomws 
In marine fish, astaxanthin oars 6s a mixture of t&e 

optical isomer: (3R-YR), (3R-3’S), and (3$3’S) (Figure I).‘ 
The ratio of rhe astaxanthin isomers deposited in the flesh of 
Arlmcic salmrm, rainbow tlalc and se8 trout renecs the chiraiity 
of the ingested askxa&in, but epiactition Corn the 3s to 
the 3R form seems to occur during the reductive mecabdism 
of astaxanthb Lo zeaxar~thin.‘~~~~~~ Ando% noticed rhe mm 
ratio among the three opkd komcrs in ova&s a6 in the de& 
of chum salmon (Oncorhyruhus kefu), indicating that there is 
no preferential trarqorr or deposition in eggs of the 0ptica.I 
isomers of astaxanthin. 

Higher r&s of (JR-3’R) astaxanthifl Were found in the flesh 
of rainbow uout and .W trout fed racemic ~~~~iu (1 [3R- 
3’~) 2 [-JR-‘J’S]: 1[3!$3’s])diptdmi~~ dm ck (3s-3’@  fO!TII, 

hdicanng hat ag e,stenseS hyddp a~t~~thh (3R-3%) 
dipdmime more efficiently than asraxanthin (3S-3’S) 
~p~mi~te, resulting in higher rates of depcktion in the flesh 
of he (3~-3’R) asbxaDthhn This COrreSpOnds With the results 
of Kauuyama et al. ,I’ who fed rainbow ICOUt pbrified 
s&mbomers of astaxanthii die&r from E&M~Q superba, 
p&mon paci@cw, and P. pa&dens WI ob~txl a two 
rimes Ggha dep&tiOO of (3R-3’R) astaunthin than (3&3’S) 
swanthjn and a four times higher deposition of (3R-3’R) 
~~~&ia than (%-3’S) astaxmtin in the flesh. 

Iv. GAROTENOID SOURCES 

A. Cruatacea and Crustacean ~yprodUCiS 
,4mxu$hfn Is the major carotenoid in many crnsroceans and 

is present in free and esterified forms and as protein corn- 
plexes.l~‘J’* Great effort has been made to evaluate different 
crustacean producu as carotenoid souses for farmad fish. Table 
3 shows the carotenoid level in several products and Table 4 
6h0ws a sumtnq of the results achieved in feeding experiments. 
The main factor determining the value of these pigment sources 
seem6 to he their astaxauthin concentration. The level of 
carotenoid in most crustaceans is relatively low. To achieve 
satisfactory pigmentation of salmonids, the diet must contaio. 
10 to 25% of this material. Crustacean wastes contain low 
levels of protein and high levels of moisture, ash, and cbitin, 
which hit6 he percentage of these products that can be includedl 
in salmonid feeds.“S 

Jn Norway, waste from shelling shrimp (P&W bare&) 
is the u~ditional, natural pigment source for Atlantic salmon 
and rainbow trout. The astaxanihin level in hand-shelled shrimp 
waste is usually higher thao in waste shelled by machine (Table 
3). This is due mainly Lo the tendering of the raw shrimp before 
shelling, but is also due to extensive washing of rhe rnaobne- 
d&d pmduct. Skimp for hand shelling are boiled immediately 
aftw biog C@d, while machine-shelled shrimp are stored 
on ice for 6 to 7 d before shelling. UgletvdP’ and Torriasen’p’ 
have shm that shrimp waste can produce arr acceptable 
pigmention of xahbow trout when included as 10 IO 20% of 
rhc diet for about 7 months (gable 4). 

u (Em seek E. pac#ca), ti COW C. fuvnarc~us, 
aad fhe red cd (Phroncodcs plan&es) have been shown to 
Pigment the flesh of salmonids (T&k 4).79*7sJ’ Recently, 
rtuXh~IS for exUaGtiMl of CU&enoprotein from &imp Cpandalus 
borea& WW have been developed that have the potential 
for providing cwenoids as feed supplements in rations of 
farmed fish,- Their use in commercial production of sal- 
nmids will depend UPOU the production cost and the level and 
availability of the astaxanthin in these products. 

DQWueM diets are increasingly used to rear salmonids, 
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Teble 3 Table 9 (continued) 

hotenold Content In Some Pl9mm Sources USed for Caratenoid Content In Some Plgmnt Source Used for 
Pigmenting SalmonIds 

Ckwndd 
AlnawIt 
(WW 

Aalaamlbm 
Flte 
t+Jmcacr 
Diuw 

ACfJWlhhl 
Achsmhh 

&Mumbii 

Fk= 

Dkler 

3944 

Acla9nbi 

Asuulllhbl 

-0 

6L128 

204a 

74 

“l.ulan-ulrc” 0.1 

5 
2 

76 

A9lololrhbl 200 

137 

uoldoauiod 1 
Asmxnc 9 
h9lolmti 192 

.unamxhin 

htloMalbii 

Act9xoatblP 

FIse 
-er 
Diior 

klmdNbln 

Isa 

no 

520 

t-1 
13.3%) 
127%) 
I.160 

Ror* 

l4,SI 

52 
57 

14.58 

30,sz 

59 

M 

33 

41 

62 

62 

79 

41 

53 

u 

63 

Id 

64 

Ycesl 
Rhdonmdo s~nelP 

Caronnobi 

2.66 

67 
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Table 4 
Pigment DeposItion In Atlantfc Salmon, Coho Salmon, Brook Trout, R&bow Trout, and Sea Trout 
by Different Pigment Sources and Diet Leveie of Carotenolde 

Coho dxon (Onmrhynchu~ kisu& 
crayfmh va8b 
Pkuroncodes plunipcs extrasi 
P. plunip5 CNlact 
P. plan&J OMmcl 
SynIhedc 
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Inlttsl 
weight 

0 

A 
A 
A 
A 
A 
A 
A-AM 
A-RR 
A-RS 
A45 
ADP 
C 
C 
C 
C 
C 

c-0 13 
(6) 13 

520 500 nw 4.9 46 
520 500 2600 5.2 46 
392 62 400 2.0 33 
392 62 400 0.9 33 
392 62 400 2.5 33 
392 62 400 2.6 33 
105 I230 1570 0.5 54 
10s 1230 IS70 0.7 54 
105 1230 IS70 0.3 54 
105 1230 1570 0.4 54 
392 62 m 0.7 33 
430 $3 I200 6.1 70 
430 53 140 4.1 70 
105 1230 1570 0.8 54 
520 so0 2m 6.3 46 
392 62 430 1.8 33 

A 50 133 82 226 3.5 71 
A (30) 48 155 80 205 2.3 34 
A (60) 97 125 so 205 2.6 34 
A (90) 14.5 155 80 205 2.7 34 
A so 133 82 222 6.4 71 
A + c (1.9) so 133 82 217 7.3 71 
C 50 133 82 220 5.4 71 
C 75 133 a2 208 6.1 71 
C 100 133 a2 206 6.5 71 

A 
M 
A 
A 
C 

(1) 
(49) 
@I 
WJ) 
PO) 

a4 
49 
84 
56 
56 

49 

49 
49 
49 

92 (LB)' 
80 3.2 
a2 (14.3) 
68 (4.8) 
67 (19.E) 

41 
66 
41 
41 
41 

A 
A 
AD 
bD 
AD 
M 
AM 
M 
A 
A 
A 
A 
M 
A 
A 
A 
A 
A 
A 

(Il.9 a 
(12.7) 22 
(13.0) 22 
CM) 45 

mn 105 
(9.31 16 

(12.5-l 21 
100 
28 
28 

100 

: 
(1.5) 2.5 
(3.0) 5.0 
t4.n 7.5 
(4.9 7.5 

65) 82 
(55) 82 

33 250 
33 2% 
33 250 
33 250 
33 250 
33 250 
33 24) 
56 127 
75 120 
15 I20 
28 132 
28 132 
28 130 

120 90 
120 90 
120 90 
2.50 250 
48 70 
42 70 

152 
232 
230 
169 
165 
173 

0.7 
0.8 
a.3 
II.5 
0.6 
0.8 
0.6 
0.0 
5.0 
4.2 
0.9 
0.1 
0.2 
1.4 
1.5 
1.8 
1.5 
9.2 
6.5 

12.7 

4.5 

2.2 
18.0 
10.3 

60 
30 
20 

7 
7 
7 
7 
7 
7 
7 
65 
52 
52 
62 
62 
67 
72 
72 
72 
72 
73 
73 
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Table 0 (continued) 
Pigment Deposition In Atlantlc Salmon, Coho Salmon, Brook Trout, Rainbow Trout, and Sea Trout 
by Djffsrent Pigment Sources and Diet Levels of Carotenolds 

Pigment Oourcea 

P. rhfdozyma, digssrcd 
P. rhodozyma, intact 
P. rhodozymo, oil cxuacr 
P. rhodozyma. pnrrly dig=& 
P. rhodozyma. whole 
Plauronccdcs planlpr~ 
P.planiid 
Rho&do saw% 
shrimp Incal 
shrimp meal’ 
Shrimp mealJ 
Shrimp meaP 

Shrimp-waste sitage 
Splruha rpp. 
Synthcdc 

0 

l 
T~gefss encra Doarm 

Sea Trout (Salmo wutd 
Syotbctic 

caroccJtolb 

A 
A 
A 
A 
A 
M 
A 
A 
A 
A 
A 
A 
A 
A 
A 

il 
A 
A t C(1:l) 
A + Q36:64) 
A-RM 
A-RR 
A-RS 
A.SS 
ALIp+c 
C 
C 
C 
C 
C 
C 
M 

A + C(M) 60 154 48 
ADP + c&l) 6 154’ 40 
C 43 430 78 
C 46 430 78. 

(511) a2 
(55) 82 

(80) 119 
(55) 82 
037) 90 

(8.7) 14 
(8.7) 14 

1199 
(4.8) 14 

10 
11 
12 

(3.4) IO 
(4.9) IS 
(6.0) 19 
(6.1) 14 

(12.1) 38 
(4.9) 1s 
o-339 

(4.9) 12 
60 
75 
71 
83 
74 
88 

(5.8) : 
43 

(8; 
111 

(;; 

42 

i: 
42 
42 
63 
63 

87 

225 
87 

225 
105 
w 

81 
56 

Lo5 
154 
63 
98 
98 
98 
98 

154 
105 
430 
430 

98 
87 
32 

Inaid 
f-W 

re) 

70 
70 
70 
70 
70 

108 
107 

480 
loo 
100 
100 
10 

480 
28 

135 
l8 

480 
loci 
135 
93 

275 
350 
350 
350 
350 

93 
135 
176 
176 
262 
350 

70 
127 

pinal 
weight 

Q) 

328 
317 
180 
691 
190 
190 
190 
w 
662 
2.25 

l-2.5 
657 
loo 

400 
30 
540 
540 
!w 
540 
400 

29lm 
3100 

no 

164 

86 
86 

400 
350 

11.9 
0.6 
5.1 
2.5 
1.5 
1.4 
1.6 
3.6 
1.4 

(0.9) 
(1.4 
(I.31 

1.2 
1.5 
1.3 
1.1 
1.8 
2.0 
0.0 
1.4 

10.7 
4.5 
5.7 
7.2 
8.2 
5.7 

10.4 
1.4 

13.7 
10.2 
15.3 

2.4 
7.5 
0.01 

1.8 
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the level of aata~~~thii in shrimp meal varies from 0 to 
about 200 mg/kg, depending On the W&Y Of the SkIUp Wute, 
he species, he drying me&l LISA , and Whether antioxidants 
a &&d 10 & pr&~ct.~~~~ Due to its variable carotenoid 
content and the high energy cost of the drying PmCe% shrimp 
m& q~pears Q have limited potential as a pigment source in 
commercial sdmou farming. 

Spheui and Mah&en” extmcted camenoids from red crab 
(Pleuroncodes planipes) md fhhp ww (pandti jordani) 
by mixing fine pa of cornminuted WaSCC with ten pfXt.3 of 
water and one part of soya oil containing 0.025% erhoxyquin. 
To increase rhe amoum of camtenoid in the oil, a. rhree-stage 
cmnw.cUrrent process was used. An extract very high in as- 
wanthin (1530 mg/kg) wan obtained. This extract produced 
acceptable pigment&on in coho salmon (0. kisutch) after 120 
days of feed& &en included in the Oregon moist pellet diet 
at asraxanthin levels of 30, 60, and 90 mg/kg (TabIe 4). Chen 
md Meyers= increased the astaxanthin lcvcl in an exuact of 
crawfish (Procambaws cla~ti) waste by 40 to 50% and in- 
creased oil recovery by 10% using a similar extraction method 
after ensiling the waste. A-table coloration (Table 4) has 
also been achieved using pigments extracted from crustaceans 
using acetone or acetone/methyl dichloride.“~W 

HmseP extracted shrimp (P&alus borealis) waste 3 u, 4 
times with ww soya oil (200°C) and obtained an extract 
containing 60 to 70 mg aslfmMhh&. This extract did not 
produce significant astzuandin deposition when fed to rainbow 
trout es a level of 4.8 mgkg Wet feed (65% moisture) in a wet 
diet for 104 d. The low asraXanthin concentradon in the diet 
may be he reason for this, but heating astaxanrhin to ZOO’C 
can produce isomers or derivates which are not absorbed by 
salmonids. 

Nonvegim comm&al fish oil produced Finns capelin (MS 
lotus vilhus) contains considerable amounts of ast~an~ 
due to tie intestinal contents of capelin, especial!y dtig fhe 
summer (Table 3). Astaxanthin in this oil is absorbed and 
deposited in rainbow troul. **” The value of these extrack as 
pigment sources is variable, and the pigmentation vtie is 
highly dependent upon the extra&n method. In most cases, 
pigment from an extract is a less effective pigment@ agent 
than the pigment from the original source. Presently, there ia 
a limited availability of commercially produced pigment 
extracts. 

B. Yeast 
Savolainen and Gyllenberg69 fed Rho&or& sanneii 

pr%p8dom to rainbow lIOUt and ~0111pared pigment depO& 
tion to that from a commercial diet Containing synthetic 
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canthaaanth. The carotenoid composirion is shown in Table 
3, while be mount in the diet and the B~OUIH deposited in 
the flesh we shown in Table 4. The iIICrtW%d canrhaxanthin 
ar,d lutein levels in rbe flesh are remarkable since the diet did 
not contain eitia of these carotenoids and the consensus 
& &at rainbow tmut cannot synthesize or trsnSi00rm other 
~otenoi~ into C~~III~XZ&GIL The IXJ~~O~S did not repon 
baased levels of R. sanneii carotenoids in rhe fish. 

The yeast P/qjiu rhoa&yma con&.& amanrbin as $5 
principal carotenoid at 50 to 800 mg/kg, depending on the 
suain and growing condition @i’!! = 1600 in ace- 
mne).1**7s Lyophilized freeze-dried yeast cells incorporated into 
a semi-moist did at the rate of 15% on a dry weight basis 
(52.2 mg ii~caxanehin/kg diet) were fbd u) r8inbow trout for 43 
days. his increased Iheir astaxanthin IeVe from 5 m@kg at 
the start of the experiment to 10 mg&g at the end (7’able 4).18J3 

The high astaxanthin level makes P. rhodoryma a possible 
pigment source for salmonids. It is, however, interesting to 
observe thar the lobster (Homorus americanus) did not 
accumulate as-thin from P. rhodozymn, suggesting hat 
the yeast as-thin configuration (3R-3’R) cannot be an 
integrated component of the carotenoproteiri cmstacyanin and 
rberefore is of no value for the labsrer.” 

C. Plant and Algae 
Paprika has a bright red color due mainly to cilpsan- 

thin [(3R,3’S,5Rf-3,3’-dihydroxy-6,K-carotendsne] and cap 
sombin [(3s,5R,3’S,5’R)-3,3’-dihydroxy-K,K-wotee-6,6’- 
dione], and inclusion of paprika in the diet of salmonids has 
been reported to pigment their flesh (Table 4).2*66082 It was also 
found to be a possible pigment source for lobster (H. 
americanus).” 

hcreased amounts of cantharanti rind lurein were obmd 
in the fkah of rainbow trout after they were fed diets contninlng 
Hyppp~e domdde5 oil (Table 4).67 ?hi is diicult t0 e+ain 
considering the carotenoid composition of H. hmoides (‘Ikble 
3). Smih rmh WtrC reported by Lee et a1.,‘j5 who used 
extracts Of tie marigold flower (Tageres erecta> and squash 
fhm Ocwbkz muximu mrcia) in the diet of rainbow trout. 
I’hc total carotcnoid level in the fish increased, and the lacgest 
imwie was =xa in fish fed marigold flower extract (marigold 
floW%rS contain low kvels of canthaxanthin; Tables 3 sod 4). 
Based on tie reponed results, products tirn higher plants stem 
t0 have We potential for use as a pigment source in prectical 
d.iet!L 

fi@ttiC ~WhyUs, echinenone (p,p-camrek4-one; Rgule 
31, Cmhaanfi, and astaxanrhin occur under favorable 
COIXWIIS as minor components in green algae. Under un- 
f~~bk mbns, i.e., nitrogen deficiency, these mtenoih 
ae often syn~=kd in greater am0~nts & secondary CB~O- 
~mds- ‘bk ability to synthesize secondary cmenoids is 
almost eXclu~velY rW’icted to the subphylum Chlor~phyce~.~~ 
Probablyhebest)nowa astaxanthin-pr&cing algae is chlmy- 
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domonus niuafis, which causes red-colored snow in the 
mountains in the summer. 

Algae high in astaxanw have produced pigmentation in 
Atlantic sakmon when incorporarcd into dry-peueted feeds at 
a level of 78 mglkg, Kvalheim and Knutsena reported an 
increase in the astaxanthin level in the flesh from 0 to 1.2 mgl 
kg during a ‘I-month experimental period. This was about 80% 
of the level in the control group fed a similar diet containing 
51 mg synthetic canthaxanthin per kilogram. They claimed that 
hzir algae may produce up to 5 g of carorenoid per kilogram 
dry matter, and that 90% of rhe carotenoids are astaxanthin 
esters (87%) and free astaxanthin (3%). No information on 
species or growth conditions was provided. 

Ir is believed that the low deposition of astaxanthin from the 
algae compared with the control was due to low absorption of 
a9mMhin from the asraxanthin CgUrS. The potential for 
commercial production of aStax~rbin~OntainiQ8 algae depends 
on the capacity to increase the amount of free-asraxnnthin or 
the development of a process for hydrolysis of the astaxanthin 
esters. The production costs of the algae-derived products must 
also compare favorably to synthetic astaxanbin and can- 
thaxanthin. The filamenlous blue-green algae (phylum: Cy~o- 
phycme), Spindino spp., also contains a high level of caro- 
tenoids (Table 3), but Choubert68 did not observe pigmentation 
in rainbow trout fed diets containing this algae (Table 4). 

D. Synthetic Pigment SOUr~S 
Hoffman La Roche (Basd , StiQerland) sW%d commercial 

production of synthetic can-thin in 1964 for coloring food 
and feeds.2 This syahedc canthaxantbin is marketed under the 
trade name “Ebahn” of “Carophyll red”. During the last 
d-de, synthetic anfhaxanthin has become the dominant 
pigment source used to color CUltured salmonids. It is readily 
absorbed and retained compared wirh other carotenoid sources 
and produces nearly be same visual colorafion of the flesh as 
astaxanthin (Table 4). )wJ’*~’ This pigment is available as a 
stable dry beadler, contin& 10% ~rh~anthin, which can 
be incorporared into any fish diet Bt contrded levels. 

Free a.stnx&in (“Carophyll pink”) has also recently been 
synthesized on a commercial scale (Hoffman La Roche). It 
seems to be absorbed and deposited better than canthaxanthin 
by salmonids (Table 4) and is currently being added to some 
comrne&lJy pro&&, dry-pelleted ditXS,3z”~pw,s~‘0 

In bot.h y&&c amaxdhh and canthaxanthin beadlets, the 
caroteno& occur as an equilibrium mixture of CL and tron~ 
isomers. StorCtlXikh et aI.% EpOrted abOUt 15% cis isomerS 
in had]= of synh&c a~taxanthin. The absorbance for cis 

isomers is lower than for rrcuLF isomers, Consequently, the 
extinction coefficient (Efz;l) must be adjusted to account 
for the ci&rpnr r&3 in quantification of carotenoids from 
headlets ,Os 

V. METABOLISM OF CAROTENOIDS 

Retention of carotenoida in animals depends on several in- 
tefflcting factors: 

1. The efficiency of absorption from the digestive cracf 
2. Transport capaciry 
3. Deposition mechanisms in the various tissues 
4. Metabolism and rate of excretion 

Rates of retention of dietary carotenoids in salmonids vary 
with such factors as fish size, sex, species, and diet compo- 
sition, but axe generally in the range of 1 to 18%.6aUu*7’ Car- 
otenoids deposited in rhe flesh of rainbow uout are reported 
to have a low metabolic rumover.75.W Those studies, however, 
reported the amounts of carotenoids in the flesh and disregarded 
the large amounts in skin. 

Salmonids selectively deposit different carotenoids in var- 
ious tissues Fable 2). For example, the ratio of canthaxantin 
to aataxantbin in plasma was found CO be signficantly different 
from the ratio in the diet.% In addition. the ratio of canthax- 
antin to as-thin in the flesh was found 10 be signUicantly 
different from the ratio in the plasma, Those results imply 
differential transport, deposition, or metabolism of canthax- 
anthin and astwanthin. 

Results show a higher total carolenoid deposition in the flesh 
when both astaxanthin and canrhaxanthin are administered to- 
gether in the same diet compared with adding the carotenoids 
individually (Figure 4).“*” This indicatea that the absorption 
and metabolism of astaxanthin and canthaxanthin are to some 
extent independent. However, no Sonnation is available on 
the relative importance of each of the factors on the retention 
of carotenoids . 

T 60 
” r 

Assrenthin Iparwnr) 

FIGURE 4. Reladve plgmenr deposition in rainbow trout fed dieb mtinlng 
200 mg prtaxanthln + canthuantin per kilogrun rt valollb nsllxmrhjn- 
canthaxantbh prOpOfti~~~ (Bti on dhta from Reference 47.) 
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A. Digestion and AbstXptlOn 
Absorption of a carotenoid is affected by the digestibility of 

the raw mate& jn which it is found. This WBS clearly sho\un 
by Johnson et al., ‘3 who fed the astaxanthin-coutaining yeast 
P. &&ryma to rainbow trout. Astaxanchin from whole yeast 
cells was poorly absorbed (1.5 m& fk3b.M d), while a high 
aw&n led jn the flesh was achieved when the cell walls 
of the yeast had been digested by Bacillus circuhns prior to 
addition of the yeast to the diet (11.9 m&$45 d). Similar 
results were reported by Torris~co et al.” They found apparent 
dig&biE& of asraxanthi~ from fresh shrimp waste apd from 
shrimp-waste meal to be 45% and that from shrimp-waste silage 
to be 71%. The increased digestibility in shrimp-waste silage 
was amibuted to degradation Of lhe chidnlcaki~ matrix 
that binds the pipent within the shrimp shell. 

Large variations in the apparent digestibility of synthetic 
staxuthin, sstaxanlbin dipahitue, and canthaxanrhin in diets 
fed to Atlantic salmon. rainbow trout, and sea trout have been 
reported (Table 5). w3 The variations were atibured to 
incomplete extraction of the feces, destruction of camrenoids 
in tie inte&nal tract. or destruction of carorenoids during 
storage. From those dam, it seems that the digestibiIity of 
carotenoids is less efficient than that of the major nutrients. 
However, the relatively low digestibility does not explain the 
low relention of dietary carotenoid~. 

Table 5 
Digestibility of Carotenolds by Rainbow Trout, 
Atlantic Salmon, snd SW Trout 

+ 

l 

l 

l 

3 

CsFotendd Roinb0W LrOUr .d!hdC UI~IIOJ+ k3 trout’ 

ASUiXSItthtB 91-97 45-74 74-% 
AswanlhiidipdmilaE 42-47 39-Z IL20 
cnnthrxaDthtn 45-71 s7-61 20-12 

l nedlets con&cd30 mgcan~lhitig + 30 mgwxanrhin dipal- 
tnitate/kg.n 

In the past, carotenoids wete awmed to be physiologically 
inert compounds that were carried into the body by lipids as 
carriers. Osborne et al. ss did not find any conelation between 
hypocarotcnoidemia and lipid malabsoTption in chickens aud 
concluded that there are specific processes for the absorption 
of carotenoids. This was later confiid by other workers, 
who showed different sites of absorption for zeacarotene and 
lurein in the chicken and for Wa~a~~thin and canthaxantin in 
rainbow trout.=*” 

Fteding rainbow trout gelatin capsules containing 3H-labeled 
canthaxanthin gave a large variation in The total blood can- 
thaxanthin level between the individual fsh, The time for 
reaching the maximum level of blood canthaxanthin varied 
from 8 to 36 h after force-feedingB This shows that absorption 
uf canthaxanthin is a slow process compared with absorption 
of fatty acids, but is comparable to tipalmitin absorption and 

ransport in carp. 91 The total pigment recovery after 72 h wa 
rePd b o.i9%, which is low compared with reported 
apparent dig&bfiQ of carotenoids.s2.3’*53 

B. Transport 
Increased carotenoid levels in plasma during anadromous 

migration of chum salmon (not feeding) were observed by 
fit&ara.n TorrissexP showed the presence of astaxanthin and 
&~mt&jn in the plasma of feeding rainbow trout, indicating 
ha1 ber,~m is the uanspon medium. Nakamura et aL9” found 
that ~taxanchin in the serum WBS bound to the high density 
lipoprotein (HDL) (Figure 5) 1 In lmm , B-carotene is mainly 
transported by the low density lipoprotein (LDL) (80%) and 
very low density lipoprotein (WL) (12%) fraction.y3 Naka- 
mum et al.* also noted a small shift in the absorption maximum 
from 478 nm in serum HDL to 470 nm in petroleum ether, indi- 
cating chat astaxanthin is not covalently bound to HDL in 
salmonids. It was show0 by Ando et aI.% that vitellogenin, the 
precursor of egg yolk pro&, might participate in the transport 
of zstaxanthin from the muscle to the ovaries of maturing 
females (Figure 5). The absorption mechanism in the 
gastrointestinal rract and tie mechanism of Transfer of muscle 
astaxanthin to the skin and gonads via the serum is not known. 

FlGUR55. T~~~rg0dmeraholi~motcarorenoi~ intimoni&.(Baed 
on dota from Referent ~$43, M, rind 92.) 

C. Mabolization of Carotenoida 
G”MfM aid fmcY red cap (CypriWs cqio) transform 

ingested =nthin via adonixanthin 0,3’-dihy&xy+kee 
B-cmt=x Qpre 3) IO astaxanfhin, and e&jnaone to CB~- 
fhaxanthin.+48 A slow transformation of p-carotene to 

~~~~ Ws &O show, but no transformation of the CL- 
h& mmre to the j3-rtructure OCCURS. 

Volume 1, issue 2 



- Aquatic Sciences 

l 

+ 

c, = c, x P x 0% - w,, x ww, x 1w 
l where C, = di&ry level of ciuvtenoids (mg/kg); F = f& 

conve&n ratio (kg feed/kg fish weight gain); R = % retention 
of pigments; W, = start weight (kg); and W, = final weight 
(kg). 

Two hy@xkd models for pigment deposition arc shown 
in Figure 6. The assumptions LIE 

3).23*2635 Kit&~+ claimed that this pathway is unique to 
sihonids, but Schiedt et al.” disaped, claiming tha.tinge.skd 
a&rant&n is reduced to remanthin in the chicken. They lacer 
confmed the reduction of astaxanthin to zeaxamhin in exper- 
iments with rainbow UQUI and Atlantic salmon. They also 
reported the transformation of a.~ta~.anthin, cartthaxanthin, and 
zeaxanthin to ntamias Al and A2 in vitamin A-depleted rainbow 
trout. 

The liver is the carotenoid storage and metabolizing organ 
of po~ltly.~~ In contrast, low levels of oxygenated carotenoids 
have been found in fish live~.~*“‘~ Metabolizes of carotenoids 
ingested by fish are found mainly in the skin, but also in the 
flesh of sexually maturing salmon, while 90% of the deposited 
astaxanthin is in the flesh. 23a*ZbL3 Astaxanthin and can- 
thaxanthin appear to be degraded in the digestive tract of 
salmonids.uJ3 Such degradation could no& be detected by 
feeding “‘C-manthin to fancy red ~arp.~ 

VI. DIET cOMPoSlllON AND CAROTENOID 
DEPOSITION 

A. Dietary Level of Carotenolds 
As shown for chickens, the dietary level of carotenoid is a 

major factor in determining the level of carotenoid in the flesh 
of salmortids.lB Despite its imp ortance, little work has been 
conducted on the effect of dietary carotenoid level on pigment 
concentr&n jn marketable tih and OII motcnoid RUXI~~OII 

efficiency. Most studies have been conducted using small fish 
over a short period of time and do not give a comprehensive 
picture of the interaction of dietary pigment concentration on 
pigment reten~ion.33;U”L’5 

The total body conceatttZim of carotenoids (C,) may be 
described by the follotig equation: 

1. Dietary concentration = 50 m&g 
2. Srming fish weight = 0.2 kg 
3. Average pigment ntcnri(Jn = 5% 
4. Feed conversion ratio = 2 kg/kg fish pmduced 
5. Feed conversjoD ConStmt thrOu& IhC PWOUt SbgC 

Based on &,se wmpi~~~~, 8 fish weighing 5 kg will reach 
a total body concentration of 4.8 mglkg. A linear i.ncrea% in 
carotenoid conce~~t&~D BS the fish increases in weight implies 
that retenfion ef&&rN2y alSO iDC!taSCS. In the example, reten- 

IC 

/ - 

)- 

/ 
(1%) 

l,o% 1-22.8%--1--a.B%---6.8%-l-fl.8%-l I 1 
1 2 3 a 5 

Fish weighT (kg) 

FIGURE 6. CIUOIOM~~ deposition in ealmonids DI nn averuge 596 retention. 
A limar cnrutenoid dc@ioa u%h incmaeing ficb weight implies that rhe 
retention incrcau from 1% for fish weighing tirn 0.2 IO 1 .O kg co 8.6% fnr 
fih weighing from 4 to 5 kg. The retention value in &kc& rcprczenc the 
twemge reamion at a given fish w&ht. A comtnnt retention throughout the 
life cycle (bold hc) giva a slower increase in canxmoid awcntntion wjtb 
Increasing fish wei@ due to a large flesh lo pigment wlurnc. 

don efficiency increases from 1% between 0.2 and I kg fish 
weight to 8.8% betweso 4 and 5 kg fish weight. Maay studies 
support this linear model, but rhese studies were conducted 
over a short time period or with low-growth rate3.n-UJJ~n7s 
The results may not be representative of pigment deposition 
over a whole production cycle. Based on this model, pigmen- 
tation of salmonids should ssart relatively late in the production 
cycle and the shorter pigmentation time compensated for by a 
higher level of carotcnojds in the diet. 

The second model is based on the assumption that pigment 
retention is constant throughout the life cycle. This model 
predicts a raPid increase in pigment level for small fish and a 
plateau in pigment deposition as the fish get larger. This model 
is supported by data for rainbow tro~t*~~~~~~~ Storebakken et 
aLn’ published the only study where the pigment development 
of fub from 176 g to about 3 kg w&s monitored. Those results 
suongly suggest that, at least for fish above a certain size (0.5 
to 1 kg for rainbow trout), pigment retention is fairly constant. 

A ConSLBnr pigment retention rate suggests chat pigmentation 
should be started earIy in the production cycle and that the 
Ievel of pigment in the. feed determines the final pigment level 
in the flesh. Based on this assumption, Figure 7 shows expected 
carotenoid levels in fish of different sizes in relation to dietary 
pigment concentration and for diffcsent pigment Rtention rates. 

The level of dietary carorenoid appears to affect retention 
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in  s ~ m o n i & .“-“-~*‘~  In  F igu re  8 , th e  re lat ive p i g m e n t d e p o -  
si t ion Is s h o w n  a 6  a  funcl i00 O f c h a n g e  in  the die.tafy level  o f 
carote.noids.  T h e  resul ts f rom K a ik e t al. ,n S p inel l i  a n d  M a h n -  
k e n ,” a n d  Ton i ssen75  w e r e  M U , S b O w h g  a  lower  re lat ive 
r a te  o f p i g m e n t depos i tio n  W h e n  the level  o f ca ro teno ids  in  th e  
diet  increases.  It was  a lso  fo u n d  th a t th e  a p p a r e n t digestibi l i ty 
o f c a n th a x ~ ~  b  r a i n b o w  trout d e c r e a s e d  by  inc reas ing  d i -  
e tq  c o n c e n trat ion o f c a n th a ~ a n thin.” S to r e b a k k e n  e t al.” d id  
n o r  fin d  th e  s a m e  p a tte r n . 

T h e  p i g m e n t r e r e u tio n  in  th e  stud ies  s h o w e d  ex t reme var i -  
a tio n . K o tik e t a L n  r e p o r te d  a  r e te n tio n  r a r e  o f b e tween  2 0  
a n d  6 0 % , wh i le  th e  resul ts o f S todA-kn  e t al.)’ s u g g e & d  
a  r e te n tio n  r a r e  irk b e  r a n g e  o f I .7  to  S % . Hardy  a n d  T0r r i sscn9~ 
es t imated th e  r e te n tio o  in  commerc ia l ly  p r o d u c e d  sa lmon ids  to  
b e  4  to  5 %  w h e n  th e  diet  c~~ l ta ined  5 0  to  7 5  m g lkg as taxanth in  
o r  c a n th a x a Iltin . 

B . Dietary L ip id  Leve l  a n d  L ip id  S o u r c e  
T h e  e ffect o f d ie tary  l ip id level  o n  p i g m e n r  depos i tio n  is n o t 

c lear.  A b d o l - M a l a k  e t al.* a n d  c h o u b e r t a n d  L u q u e t” o b s e r v e d  
’ 1  n o  signi f icant e ffect w h e n  th e  d ie tary  l ip id level  was  inc reased  

3  

3  

f rom 9 .4  to  1 7 .4 % . S e u r m ~  E d  al.%  a n d  T o r r i s ~ e n ~ ~  o b s e r v e d  
m o d e r a te , b u t si8nif icmt, inwases  in  as faxanth in  depos i tio n , 
wh i le  S p i n e W  ach ieved  B  3 3 %  i nc rease  in  fle s h  as taxamhin  
by  i nc reas ing  th e  fa t c o n te n t f rom 1 0  to  1 5 %  ia  diets fe d  co  
r a i n b o w  trout, T h e  a p p a r e n t digestibi l i ty o f c a n th a x a n th in  iu  
r a i n b o w  trout was  fo u n d  IO  inc rease by  inc reas ing  th e  levels 
o f d ie tary  l ipids.%  

In  al l  of th e  stud ies  cite d , p i g m e n t depos i tio n  in  th e  fle s h  
was  u s e d  as  a n  ind icator  o f th e  e ffect o f d ie tary  l ip id level  o n  
p i g m e n t a b s o r p tio n . E x c b m g i n g  p r o te in  fo r  fa t will, u p  to a  
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Inc rease  in  d iet  c o n c e n trat ion ( p e r c e n t) 

F I G U R E  8. Rclnt ive p igment  depos i t ion  in  rhe  f lesh of sa lmon ids  wl rh  
i nmus ing  d iw  Itvcls of cmeno idr .  ( B a s e d  o n  d a tn  f rom Reference 3 ’3  
for I; Referwcc 7 5  for IJ; Reference 3 4  for III; a n d  Reference 7 2  for IV .) 

cetfain pint, i nc rease  th e  e n e r g y  level  in  th e  diet  a n d  g ive  a n  
inc reased  g r o w th  r a te  a n d  fa t depos i tio n . In c r e a s e d  g r o w th  
cmnpl ica tes th e  eva lua tio n  o f th e  remlts as  Ih e  actual  a m o u n t 
o f fle s h  to  b e  p i g m e n te d  inc reases  a n d  th e r e b y  cakes a  d i lu t ion 
o f th e  ca ro teno id  level  in  th e  fle s h . 

‘h e  e ffect o f d ie tary  fa t level  o n  depos i tio n  o f ca ro teno ids  
in  h e n  e g g s  shows  a  sim i lar  dispari ty.  S a u n d e r s  e t a 1 .9 V  in  the i r  
rev iew p u t fo r w a r d  th e  h y p o thes is  th a t l ip ids n o t on ly  p r o m o te  
a b s o r p tio n , b u t a lso  e n h a n c e  ox idar ive  d e g e n e r a tio n  o f 
caro tenoids .  T h e y  s u g g e s te d  th a t th e  ox idat ive e ffect c a n  b e  
tice d  by  th e  a d d i tio n  o f a n tiox idan ts such  as  B H T  a n d  vita m in 
E . T o t issen’s d id  n o t fin d  a  signi f icant e ffect o n  p i g m e n t 
depos i tio n  in  r a i n b o w  trout w h e n  c r -u3cophero lace ta c e  was  a d d e d  
to  th e  fe e d . H o w e v e r , a - to c o p h e r o l a c e ta te  d o e s  n o t act as  a n  
a n tiox idan t in  diets. It is fo u n d  th a t f rozen fa r m e d  s a l m o n  h a s  
a  g r e a te r  te n d e n c y  to  fa d e  th a n  wi ld  s a l m o n , p robab l y  d u e  to  
ox ida t ion  o f th e  c a m teno ids . S p r a y i n g  fille ts f rom fa n n e d  s a l m o n  
with b u tylhydroxyan iso l  ( B H A )  o r  ascorb ic  ac id  reduces  th is 
fa d i n g . In  th is  a s p e c t, B IG  s e e m s  to  b e  m o r e  e fficie n t th a n  
ascorb ic  acid.  A d d i tio n a l  a m o u n ts o f to c o p h e r o l  (v i tamin E Q  
in  th e  diet  d id  n o t h a v e  th e  s a m e  e ffec t .100 

T h e  l ip id levels in  commerc ia l  d r y - p e N e te d  diets fo r  s a h n o n i d s  
a r e  in  t.b  r a n g e  o f 1 8  to  2 2 9 4  a n d  a  cur ther  inc rease  in  th e  
l ip id  level  w o u l d  cause  p r o b l e m s  in  m a n u fac tur ing  th e  diet  a n d  
m ight  a lso  cause  u n w a n te d  h i g h  l ip id levels in  th e  fle s h . T h e  
¶ u a O c t Y  o f c a n th a x a n th in  depos i te d  in  tm u t fle s h  is a lso  
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VII. PHYSIOLOGICAL FACTORS 

a A. Fish Size 
Rainbow trout and chinook salmon (0. ischowyrscha) 

3 

influenced by the fat source- Ir W8S found that ~ah.t~~thin spawning, while Steven,” Ando et al.,‘Os Kitahara,= and 
dissolved in oleic acid was deposited ar a higher rate than 
canthaxanthin dissolved in other fatty acidc.‘O O  

Crozierl* examined wild fish which stop feeding prior to their 
spawning migration. 

weighing < 150 g deposit little cantbaxanthin or asraXanlhin in 
the flesh.ge~Lol SpineHi and Mahnken% and Torri~sen’~ reprted 
a similar effect, but a lower fish weight (80 to 90 g). O ther 
dar.a indicate that Atlantic salmon must be larger, 200 to 400 
g, before f&y deposit carorenoids efficiently.” It was also 
found that arctic charr (Salvclinus olpinus) weighing between 
125 and 200 g deposited cantbaxanthh~ more efficiently than 
fish between 17 and 25 g. The large fish had an apparent 
digestibility of canthaxanthin of 39% compmd with 18% for 
the small charr, In the large fish, the canthaxanfhin was evenly 
distributed in the fillet, while the cadal musculature in the 
small fish contained 30% more ~anthaxanthin than the dorsal 
musculature.‘nl 

The carotenoid level of skin does not show large seasonal 
variation, but the Ievel increases in both sexes during 
maturat.ion.23~‘oI~‘(g This increase is greater in males than in 
females. The skin also contains a larger variety of carotenoid 
pigments than the flesh and ovaries. At leasr 16 carotenoids 
have been isolated finm the skin of chum salmon.= 

C. Genetic Factors 

Why salmonids below a certain weight do not deposit 
carocenoids in the flesh is not )C~OWU. Since they accumulate 
carotcnoids in their skin, they obviously absorb dietary caro- 
tenoids. Brightly pigmented ~&bow tmut, bruwn trout, and 
Atlantic salmon below these minimum sizes are often found 
in over-stocked lakes and pens. From these observations, one 
could conclude that the ability of salmonids to deposit 
carotenoids is molp. related to age and physiological status than 
to actual fish weight or diem carotenoid level.‘0’*103 

B. Sexual Maturatlon 

A6 early as 1916, Prince ID9 obswved differences in flesh 
pigmentation among and within salmonid species. Storebakkcn 
et aLM compared canthaxanthin deposition in the tail flesh of 
rainbow trout, Atlantic salmon, and sea trout fed dry-pelleted 
or wet diet containing 40 and 15 mg cant&a&in&g at four 
stations along the Norwegian coast. The level of the carotenoid 
was highest in rainbow trout (13.7 and 10.2 mg/kg for the dry 
and wet diets, respectively), followed by sea trout (12.4 and 
6.1 mglkg), and Atlantic salmon (6.12 and 4.12 m&g). 
Corresponding results were shown by Foss et al.,= who 
compared astaxanthin and astaxanthin dipalmirare (30 mg/kg 
dry diet) in diets which also coatairmd 30 mg canthaxanthin 
per kilogram as a pigment source for x&bow and sea trout. 
After 22 weeks of feeding, rainbow tr0~1 reached a TDUII level 
(astaxauthin + canthaxanfhin) of IO,7 and 10.4 mg/kg when 
fed f&e-astaxanthin + canthaxanthin, and astaxanthin dipal- 
mitate + ~~thexanthin, nspectively. The corqmntig V~IJCS 

for sea trout were 1.8 and 1.9 mglkg. However, the results are 
difficult to interprer due to large differences in growth rate and 
consumption of carotenoids among the species. 

Mob&&on of be carotenoids from rhe flesh and redeposition 
in the skin and wearies during maturation have been reponed 
and quantified by several authors.“P*‘03~‘M This depletion of 
flesh pigmenk hia important economic implications, being one 
of the factors limiting the acceptability of maturing salmonids 
to the c0~mner. 

Regression of carotenoid concentration in the flesh (mglkg) 
on fish weight gave the following coefficienrs: rainbow trout, 
1.44 and 1.21 for dry and wet diets, respectively; Atlantic 
salmon, 0.44 sod 0.29; and EJX trout, 3.71 and 2.12.7o Assuming 
qd feed conversion ratios, EW tmut appear to have the highest 
carotenoid retention, followed by rainbow trout and Atlantic 
salmon. 

Spawning fish have ody traces of a~taxanthin in theii flesh 
compared with 17 IO 32 mgflrg in immature fish.” This 
observation was confirmed by other% who reported a decrease 
in flesh asman& jr~ coho salmon from 6.3 to 6.7 m&g in 
immarure fish to 0.4 to 0.8 mglkg at spawtig.“~‘w,Crozier,‘U 
in Iis work witi sockeye salmon (0. nrrkrr), reported thaf only 
1% of he amxar&h in immature fish was retained after 
spawning (23 to 28 mg/kg vs. 0.3 W?&$ 

Torrissen and Torrissen lo6 detected a decrease in the 
czmtenojd content of the fled of Atlantic salmon about 6 
months prior to spawning. Spawning Atlantic salmon retained 
more astaxahin 31 the flesh than Pacific salmon, approximately 
40% compared with 1%. This might be due Lo the fact that the 
farmed Atlantic salmon were fed Until 2 to 3 weeks prior IO 

Quantitative genetic variation in flesh carotenoid levels has 
also been described for coho salmon, chinook salmon, rainbow 
trout, and Atlantic sBL~on.30~3’~1p’~“a~“’ Choubert and BlancL’2 
concluded thar cantbaxanthin-pigmented triploid and diploid 
rainbow trout do not differ in flesh color, at least in fish which 
have not begnn to mature sexually. 

Chinook salmon display a wide spectrum of flesh colors 
among the “red-fleshed” groups, but there is also a distinct 
“white-fleshed” forrn.‘13 The “red-fleshed” and “white- 
fleshed” types may be demonstrating a threshold trait with 
very high heritiility, or Meodelian traits under control of at 
least two loci, whereas the degree of pigmentation in “red- 
fleshed” coho salmon, rainbow trout, and Atlantic salmon 
apparently is a polygenic trait with low heritabiliry.‘t3 
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VIII. FUNCTION OF CAROTENOIDS 

It is we[[ documented aat camtcnoidt have a ph0lop~Wtive 
role in plants. \~-llb ExcepL for its function as a vi& A 
prec~so~, far less information is available on the biolo&al 
functions of camtenoids in arum*. 

Sargent et al. 117 nopxl char extracts of feces tirn rainbow 
trou~fcd C&~finm~rchicU were d&red, whila eXtraCts 
from &ring (Clupm huen~rrs) fed the same material were 
da.& green, Herring, we most other fishes, do nor accumulate 
wkn+ia in their fle& in significant amounts, M) salmonids 
absorb and me&o]ize earoreOOids quite dit%renrly than hcr- 
ring do. why s&non& have a unique carotenoid mct&lism 
is not known, and so far no biological function of the cnro- 
ten&Is in &no&l flesh ha been documented. It has, how- 
ever, been shown that carotenoids supplied in the diet to fry 
of Atlantic salmon increase the growth rate.“* ‘this strongly 
indicates that they have a biologi& function. The mobilization 
of carotenoids, and their transport from the flesh to the skin 
and ovaries during maruration, has led to the hypothesis that 
cmtenoida have a function in Eproductioa. Possible caroreo- 
aid ~UIIC~~O~ include: 

1. Fertilization hormone 
2. Source of pigments for chromatophores 
3. Function in respiratiofl 
4. Protection from light 
5. Resistance to elevated temperature and ammonia 
6. Proviramin A 

‘JJ-gse have recently been reviewed and tbereforc arc not WV- 
wed here.9.‘o 

@Carotene, and to some exreat a- and y-carotene, and cryp- 
tDxan& are witmiD A PWW~.’ Gross and Budow&i”9 
claimed that platy (Xjphophor~~ varior~) aad guppy (Lebisrus 
rericuluzus) were able to conv~ astaxanrhin and canthaxanthin 
to vitamin A. Schiedt et al.” reported that vitamin A-depicted 
~&$xw trout performed a correspondiog transformation, but 
that vitamin A-sufficient tfOUt ot@ tmMfOImed Small amounts. 
In general, tic vitamin A supplied from canthaxantbin and 
ostaxanchi5 must b3 of minor importaace as most of the natural 
food of salmonids contaias vitamin A or @carotene in rek 
tively large amounts. 

P-Carorene and vitamin A have been postulated to have a 
cancer-protective role in m~ma16.21’~‘2p~‘~* Bendich and 
Sbapiro’=a nzponed that both /3-carotene and cantbaxanthin ik 
creased immune re.spopseS in MS. Burton and Ingolda ham 
shown that $-carotene and oher carorenoids behave as a~+ 
tioxidants at low oxygen pMSure. They concluded that caror- 
enoids ray play an inportam rOle in protecting lipid tissues 
from peroxidation in viva, ?hi8 would explain both the can=- 
prolective role and also the increased immune response oh- 
served. Since carotenoids are effective at low 0, concenfra- 

ti0Ds, hey may complement vitamin E which is effective at 
high O2 concentrations. Cold water fishes. like s&non, have 
a high level of polyunsaturated fat in their membranes, and 
prot&on of lipoid tissue from peroxidation seems to be a 
pDsihle function 0f astaxanthin or catbaxonthin in salmoni&. 

1~. CONCLUDING REMARKS 

A major@ of studies on pigmentation of snlmonids have 
concerned testing of different carolenoid SOUKCS on relatively 
sm&si~d salmonids over shall periods ( I to 4 I~oMs). Since 
many of these sources show considerable vuriation in corn- 
position from batch to batch, it is difficult to obtain repro&c- 
jble results. Therefore, the value Of these studies is lintited to 
providing information on the avai[abiliQ of the cnrorenoids in 
specific batches of carotenoid products. 

me reLention of pigmenu in salmonids is low, and increasing 
the retention has great economic importance. It is estimated 
by Hardy and Ton-&n Q-I rhst increasing carotenoid retention 
from the approximately 4% in commercial hrnling today to 
10% could produce a potential saving in feed costs of opprox- 
imately $10 million U.S.1100,000 tons OF fish produced. TO 
increase the retention of carotenoid pigments in salmonids, 
better basic knowledge of factots affecting absorption, depo- 
sition, and metabolism are needed for c;lch species throughout 
its life cycle. Of fundamental importance is a better under- 
standing of the effects of diet composition, fish size, growth 
rate, length of feeding, and the metabolic turnover of wo- 
tenoids OD the retention Of carotenoids at various dietary 
concentrations. 

Tbe importance of knowing the functions of carotcnoids and 
their dierary requirement is evident. and investigation of pm- 
rible biological functions of carotenoids in fish at 011 stages of 
dcveloprnenr should be intensified. Documenting biological 
function also has important implications in marketing the final 
product. The regulations on use of color additives in most 
countries haa p]a~I stringem regulations on both their use in 
fish diets and the marketing of the final products (i.e., the 
Teqhed ~~kimhs). Classification of synthetic and natural 
cmtenoids as required nutrients would simplify the addition 
of camtenoids to fish diets. 

Furrherprogress in this field will also require standardization 
of analytical methods to identify and quantify caroknoid pig 
me?-& mJ sbndUzatioa of experimenti designs. Salmonids 
show large individual variations in their &iliv to deposit car- 
0laoid% and future studies must utilize uniform experimental 
fish to reduce this souxw of variation. 
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